ABSTRACT: The stable isotope 1 5~ was used to measure nitrogen uptake in the coastal u p w e h n g region off Oregon and Washington, USA, where nitrate concentrations in the surface water ranged from 0.7 to 49.1 PM. Nanoplankton biomass (1 to 10 pm) was relatively more abundant at low-nitrate stations, while netplankton biomass (10 to 200 pm) was dominant at hgh-nitrate stations. Ammonium was more important than urea as a regenerated nitrogen source for both size classes of plankton, and ambient ammonium concentrahons appeared to inhibit urea assimilation. Nanoplankton and netplankton were equally important in use of regenerated nitrogen in low-nitrate waters, while netplankton dominated nitrogen use in high-nitrate waters. In high-nitrate waters, the percent uptake in each size fraction was proportional to the percent particulate nitrogen (PN) and chlorophyll a (chl a) in that fraction. At lownitrate stations, uptake in each fraction was proportional to PN but not to chl a. Nitrogen-specific (mass N taken up/mass particulate N) uptake rates ranged from 0.2 to 2.6 d-l, and were generally higher for the netplankton than for the nanoplankton fraction. However, these rates are not directly proporbonal to phytoplankton use as a result of varying amounts of non-phytoplankton N. Phytoplankton N was estimated by assuming a constant chl a/PN ratio for each size class, and used to calculate phytoplankton-speclfic uptake rates. Phytoplankton growth rates were estimated by extrapolating the short-term uptake rates to daily rates Since calculated growth rates exceeded the expected maxima for phytoplankton In the low-nitrate coastal water, we postulate heterotrophic utilization of nitrogen.
INTRODUCTION
Attempts have been made to determine specific photosynthetic rates and nutrient uptake rates of various size classes of phytoplankton. Malone (1980) reviewed a number of marine size-fractionation studies showing that netplankton tend to dominate in wellmixed, high-nitrate waters, while nanoplankton prevail in stratified, low-nitrate waters. Furthermore, size-fractionated nitrogen uptake measurements (Glibert 1982 , Probyn 1985 ) support the conclusion that netplankton production is primarily sustained by new nitrogen (nitrogen introduced from outside the euphotic zone), while nanoplankton production is supported by regenerated nitrogen (nitrogen regenerated within the euphotic zone).
Underlying causes for the dominance of net-or nanoplankton in particular environments have not been established. Metabolic rates tend to be inversely related to size, and the data reviewed by Malone (1980) indicate a higher maximum rate of chlorophyll-specific photosynthesis by nanoplankton than by netplankton, with means of 7.12 and 3.77 mg C mg chl a-' h-', O Inter-Research/Printed in F. R. Germany respectively. Futhermore, Chan (1980) found that phytoplankton growth rates appear to be proportional to maximal photosynthetic rates per unit carbon. Although the existence of a tight coupling between maximal growth rates and cell size has been questioned (Banse 1982) , 2 generalizations still appear to be valid for temperatures of 18 to 20 "C: (1) many &atoms have doubling rates > l d-' (Eppley 1977) , and (2) most dinoflagellates have doubling rates 5 1 d-' (Banse 1982) . The ratios of C/chl a and protein/C appear to be independent of size, but ratios are quite different for diatoms and dinoflagellates, and faster growth of &atoms may be due to the greater abundance of chl a per unit cell C (Chan 1978) .
During summer 1985, we used ' ' N as a tracer to study the uptake of nitrogenous nutrients by microorganisms (1 to 200 km) off the Washington and Oregon coasts. In t h s region, spring and summer upwelling leads to cold, nutrient-rich surface water and north-tosouth bands of high productivity and biomass (Small & Menzies 1981) . Nutrient concentrations, biomass levels, and nitrate uptake rates were reported by Kokkinalus & Wheeler (1987) and are summarized briefly here. Nitrate concentrations in the surface water (at 10 to 15 ~n ) were highest (20 to 50 pM) at nearshore shallow (50 to 300 m) stations, and low (1 to 5 pM) at offshore deep (600 to 3000 m) stations. Biomass (particulate nitrogen, PN, and chl a) was highest at stations with intermediate nitrate concentrations in the surface water, and the ratio chl a/PN increased hyperbolically with increasing nitrate concentrations. Chain-forming diatoms (species of Asterionella, Nitzschia, and Thalassiosira) were abundant in the high-nitrate water, while smaller diatoms and flagellates were most common in low-nitrate water. Uptake of new (nitrate) nitrogen accounted for 83 O/O (SD = 2 %, n = 5) of total nitrogen uptake at the highnitrate stations but only 28 % (SD = If %, n = 5) of total nitrogen uptake at low-nitrate stations. Uptake of nitrate-N at stations with > l pM nitrate-N was sufficient to support phytoplankton growth rates of 1 to 2 d-l. Inclusion of ammonium as a nitrogen source and assumption that all ammonium uptake was by phytoplankton resulted in unusually high growth rates. We suggested that heterotrophic utilization of ammonium may have caused these unusually high estimates of phytoplankton growth rates (Kokkinakis & Wheeler 1987) .
Here, we report utilization of regenerated forms of nitrogen (ammonium and urea) by 2 size classes of phytoplankton during this coastal upwelling study. Relative utilization of regenerated nitrogen is compared for low-nitrate and high-nitrate stations for each size class. The size fractionation experiments were carried out at 9 of the 16 stations sampled during the study, but uptake rates for both size fractions were determined at only 8 stations. Nitrate uptake was measured at 10 stations, but only for the <200 pm fraction. Nevertheless, the relative distribution of nitrate uptake at high-nitrate stations can be inferred from the dominance of netplankton biomass at those stations while nitrate uptake at low-nitrate stations was a minor portion of total nitrogen uptake.
Four null-hypotheses were tested: (1) Particulate nitrogen and chl a have the same relative distribution between size classes in high-and low-nitrate waters.
(2) There is no difference between ammonium and urea uptake rates in high-and low-nitrate waters. (3) There is no difference between relative utilization of ammonium and urea by net-and nanoplankton. (4) All ammonium and urea uptake is by phytoplankton.
METHODS
Sampling. All experiments were conducted during July 1985 aboard RV 'Wecoma' in coastal water off Oregon and Washington, USA (44 to 47O N, 124 to 126" W). Only surface water (10 to 15 m) was sampled for biomass and uptake measurements. The summer mixed layer extends to 20 m in waters 2 7 5 km offshore and maximum phytoplankton biomass and photosynthesis are observed in the upper 20 m (Small & Menzies 1981) . Water samples were prescreened through 200 ym nylon Nitex mesh for analysis of combined net-and nanoplankton biomass and activity, and additional samples were prescreened through 10 pm Nitex mesh for separate analysis of nanoplankton biomass and activity (the 1 to 10 pm size class for our experiments). Netplankton biomass and activity (the 10 to 200 ym size class for our experiments) were calculated by subtracting < l 0 values from the < 200 ym values. Results are presented separately for low-nitrate ( < 5 vM) and high-nitrate ( 2 2 0 pM) stations since these stations showed distinct differences in percentage of new production (Kokkinakis & Wheeler 1987) . Light intensity was measured with a Li-Cor (Lincoln, NB, USA) Model L-185a Quantum/Radiometer/Photometer. Light intensities between 08:OO and 15:00 h were 483 f 147 giEinst m-2 S-'at the surface and 114 + 61 at 10 m. Thus, light Limitation of phytoplankton activity in the mixed layer was unlikely during our sampling. Incubations were carried out in 2.7 1 polycarbonate bottles covered with one layer of neutraldensity screening to reduce the sunlight intensity by 50 % and placed in Plexiglas deck boxes cooled by circulating seawater.
Nutrients and biomass. Ammonium concentrations were determined manually within 1 h of water collection by the phenolhypochlorite reaction (Strickland & Parsons 1972) . Water samples for urea and nitrate were filtered (Whatman GF/F, nominal pore size 0.8 pm) and stored frozen in polyethylene bottles prior to analysis. Urea was determined using the urease method (McCarthy 1970) with urease enzyme (Type IV) obtained from Sigma (St. Louis, MO, USA). Nitrate and nitrite were measured colorimetrically after formation of the diazo dye (Strickland & Parsons 1972) as adapted for AutoAnalyzer (Atlas et al. 1971) .
Particulate material for chlorohyll (chl a) and nitrogen (PN) analyses was collected on 25 mm, glass-fiber filters (Whatman GF/F) under vacuum (< 180 mm Hg pressure differential). Filters were precombusted for PN sam.ples, but not for chl a samples. Chl a samples were stored frozen under vacuum for 1 to 2 wk until analyses could be performed using a Turner Designs fluorometer following procedures described by Strickland & Parsons (1972) [mean coefficient of variation (CV) for duplicates = 10.4 X]. Fluorometer drift was adjusted using a coporphyrin standard, and fluorescence was calibrated with a chl a standard. Particulate nitrogen samples were stored frozen and then dried for 24 h at 60 "C. Particulate nitrogen and carbon concen-trations were determined using a Perkin Elmer CHN analyser (mean CV for duplicates = 3.6 %).
Uptake rates. Nitrogen uptake was determined only in the light using short-term simulated in situ incubations with I5N tracers. Additions of 0.1 yM ammonium-N (99.7 atom-% I5N) and 0.2 yM urea-N (95.1 atom-% 15N) were made to separate 2.7 1 polycarbonate incubation bottles. Uptake was measured at approximately 10, 30, 60, and 120 min for ammonium and at 10, 60, and 180 min for urea, with each sample being collected by filtration onto 47 mm, precombusted glass-fiber filters (Whatman GF/F). Natural abundance of 15N in the particulate nitrogen was also determined and is used as the time zero point. Filters were frozen immediately and then dried at 60 "C for 24 h after return to the shore-based laboratory. All dried filter samples were stored under vacuum prior to determination of isotopic enrichment. Relative abundance of I5N was determined by emission spectrometry (Fiedler & Proksch 1975) . Procedures for sample preparation were adapted from LaRoche (1983) as described by Wheeler & Kirchman (1986) . A mean standard deviation (SD) for analysis of 1 5~ in particulate nitrogen (0.016 atom %) was determined empirically by averaging SD's from triplicate, single time-point estimates.
Short-term uptake rates (p) were calculated by dividing the rate of increase of "N in the particulate material by the atom % enrichment of the dissolved nitrogenous nutrient and the length of the incubation period:
where R -atom % enrichment of ammonium or urea; PN = average amount of particulate nitrogen. Ammonium uptake rates were corrected for changes in atom % enrichment of dissolved ammonium during the incubation period (Gilbert et al. 1982 ; see also below). The arithmetic average PN during each incubation was calculated from initial PN plus nitrogen taken up (nitrate, ammonium, and urea) during the incubation. The average increase in particulate nitrogen calculated from the summed uptake of 3 ~lltrogenous nutrients was 2 and 6 % per h, respectively, for nano-and netplankton.
Ammonium regeneration was determined by isotope dilution (Harrison 1978 , Glibert e t al. 1982 . No significant isotope dilution occurred a t Stns 4, 6 , 10, and 12. For the remaining stations, significant isotope dilution did occur and the exponential mean atom % I5N of dissolved ammonium was used to calculate uptake rates . The ratio of corrected/uncorrected ammonium uptake rates at these stations ranged from 1.10 to 2.39, averaging 1.65 (Koklunahs & Wheeler 1987) . Mass balance calculations for the ammonium uptake experiments are reported by Kokkinakis (1987) , and indicate that more ammonium left the dissolved pool than .was accumulated in the particulate fraction. Thus, the rates reported here are likely to underestimate ammonium utilization.
Daily (24 h) nitrogen-specific uptake rates were calculated using short-term uptake rates. The mid-morning and mid-afternoon uptake rates were assumed to be representative for the entlre photoperiod, i, e. 15 h. Dark ammonium uptake rates were assumed to be 52 O/ O of the measured light uptake rates, while dark urea uptake was assumed to be 27 % of light uptake. These estimates are based on the mean of ratios reported by Price et al. (1985) for the Strait of Georgia, British Columbia, Canada. Turnover times for ammonium and urea were calculated as follows:
A relative preference index (RPI) (McCarthy e t al. 1977 ) was used to compare the utilization of ammonium and urea relative to their availability during the incubations. For example, for ammonium:
where PNH: and P,,,, = absolute uptake rates (pmol N 1-1 h-] ) for each nutrient; [NHZ] a n d [urea] = respective concentrations (pmol N 1-l).
Phytoplankton growth estimated from uptake rates. The portion of particulate nitrogen present a s phytoplankton was estimated by assuming a constant chl a/ cell N for phytoplankton. Nitrogen specific uptake rates were multiplied by the calculated amount of phytoplankton nitrogen in each fraction to determine phytoplankton specific uptake rates per hour. Daily rates were calculated from short-term uptake rates a s described above. Maximum phytoplankton growth rates (p) were calculated by assuming that all measured assimilation of nitrogen was by phytoplankton and using the equation: p = 3.32 loglo [(PPNo + APPN)/ PPNo], where PPNo is the estimated initial phytoplankton nitrogen, and APPN is the daily increase in phytoplankton nitrogen calculated from the measured uptake rates.
RESULTS

Nutrient and biomass levels
Nitrate concentrations at Stns 2, 4 , 6, 8 and 12 ranged from 0.7 to 4.6 FM and these stations are designated 'low-nitrate' stations herein. Nitrate concentrations at Stns 1 and 10 to 12 ranged from 20.1 to 49.1 pM and f 0.28 (mean k SD) for netplankton and of 0.84 f 0.21 these stations are designated 'high-nitrate'. For all sta-(maximum + standard error) for nanoplankton (Fig. 3) .
tions, ammonium concentrations ranged from undetectable to 1.23 pM and urea concentrations ranged from undetectable to 0.35 p M There was no significant Uptake and turnover times of ammonium and urea difference between concentrations of ammonium and urea at high-and low-nitrate stations (data not shown),
Rates of accumulation of I5N in particulate nitrogen but urea concentrations tended to be negatively correwere constant for about 30 to 60 min, then decreased lated with ammonium concentrations (Fig. 1) .
by 30 to 60 % (Fig. 4) . This apparent decrease in rate of Particulate nitrogen and chl a concentrations for the labeling results from a combination of substrate deple-2 size fractions are shown in Fig. 2 . The average pertion (mean pm01 NH: taken up 1-' h-' was 18 % of cent PN in nanoplankton was markedly higher in the initial concentration) and isotope dilution (see above). low-nitrate waters than in high-nitrate waters (80 and To minimize errors introduced by changes in NH: 35 % , respectively), while the reverse was true for concentration, rates were calculated from the initial netplankton (20 and 65 % , respectively). The distnbuslope of the time course data. At least 3 points were tion of chl a between net-and nanoplankton at the lowused for each rate estimate. It should be noted that nitrate stations was more variable; however, the perthese 'initial' rates are constant during the first 30 to 60 cent chl a in the netplankton fraction was dominant min of the incubation period and are not equivalent to (80.5 %) at high-nitrate stations. For both size classes of 
TIME (h)
Uptake of ammonium ranged from 0.013 to 0.14 pm01 N 1-' h-' (Table l ) , but showed no consistent relationship to ambient nitrate concentrations. Urea uptake rates were usually lower and ranged from 0 to 0.07 ~m o l N 1-' h-' ( Table 1) . Uptake of both forms of regenerated nitrogen normalized to chl a were very low in high-nitrate waters and were negatively correlated with nitrate in low-nitrate waters (Fig. 5) . Urea uptake measurements were made for both trace and saturating additions (0.2 and 2.0 yM urea-N) at 6 stations. The ratio of saturating/trace uptake ranged from 0.4 to 1.7, with a mean value of 1.0 (data not shown). The ratio of saturatinghace ammonium uptake was not measured during this study, but during 1984 ranged from 1.04 to 1.77, with a mean value of 1.41 (4 sampling dates between 18 June and 8 August during the upwelling season with nitrate levels ranging from 6 to 27 pM) for water samples collected 10 km offshore (Wheeler unpubl.) .
Turnover times -time required for the plankton to completely utilize the dissolved pool (ambient conc. + tracer addition), of a particular nitrogenous nutrientwere significantly lower for ammonium than for urea (Fig. 6) . Mean values were 0.37 and 1.58 d for ammonium and urea respectively, when the abnormally high values measured at Stn 14 (where nitrate concentrations were 4.6 FM) were excluded. There was no sianificant difference between turnover times at . , and was negatively correlated with increasing ammonium concentration for both net-and nanoplankton (Fig. ?B) . No significant correlation between urea/ (urea + ammonium) uptake and urea concentration was observed for nanoplankton (data not shown).
Size fractionation of ammonium and urea uptake
In low-nitrate waters, uptake of regenerated nitrogen (ammonium plus urea) was nearly equal for both size classes (Table 1 ). In high-nitrate waters, netplankton NO; (PM) (Table l ) , and the percent uptake of the 2 moities in each size fraction was directly proportional to the percent PN and the percent chl a in that fraction (Fig. 8A, B) . At low-nitrate stations, uptake was directly proportional to PN biomass, however the X-intercept of the linear regression was different for each size class (Fig. 8C ). There was no significant relationship between percent uptake and percent chl a biomass for the low-nitrate stations (Fig. 8D) . A relative preference index (RPI) for ammonium and urea was calculated for each size fraction (Table 2) . Ambient plus tracer concentrations of ammonium and urea were used in the calculations, since tracer additions frequently made up a significant portion of the nutrient present and RP1 cannot be determined for ambient concentrations near nutrient detection limits. The RP1 values for ammonium were always > l while those of urea were always less than one. Results indicate a consistent preference for ammonium, and discrimination against urea utilization relative to their respective availabilities. 
UREA-N (PM)
Nitrogen-specific uptake rates
Daily, nitrogen-specific uptake rates [(mass N taken up/mass N present)d-'1 for regenerated forms of nitro- Table 2 . Relative preference index (RPI) for size-fractionated ammonium and urea uptake. All calculations are for ambient plus tracer nutrient concentrations, and thus reflect physiological preferences at these concentrations rather than in situ uptake rates gen (ammonium and urea) are about 2 to 3 times higher in the netplankton fraction than in the nanoplankton fraction in both low-and high-nitrate waters (Fig. 9) . Nitrogen-specific uptake rates underestimate phytoplankton activity as a result of presence of non-phytoplankton N. We estimated the portion of PN present as phytoplankton by assuming that the mean values, 1.83 and 0.84, were good approximations of chl/cell N for net-and nanoplankton, respectively, at high-nitrate stations. On this basis, phototrophic nanoplankton NO; (PM) Fig. 9 . Nitrogen-specific uptake rates (d-l) for regenerated nitrogen sources for nano-and netplankton. Labels on the xaxis denote ambient nitrate at each station accounted for an average of 35 % of particulate nitrowith the highest rates being observed at the low gen in both regions and phototrophic netplankton nitrate-stations. Means for each size fraction at the lowaccounted for 13 and 68 % of particulate nitrogen in nitrate and high-nitrate stations are given in Table 4 . low-and high-nitrate waters, respectively (Table 3) .
Netplankton growth always exceeded nanoplankton growth on regenerated N, and for total N uptake.
Phytoplankton growth rates Finally, growth rates estimated for net-phytoplankton approach and in some cases exceed the maximum Estimates of ammonium-supported and ureaexpected growth rate for temperatures found in these supported phytoplankton-specific growth rates range waters (Table 4 ) Although the concentrations of both regenerated nutrients measured in this study were within ranges reported for other regions, the ratio of urea-N/ ammonium-N showed a notable variation. In most marine waters, urea-N tends to be twice as concentrated as ammonium-N, and the mean urea-N/ammonium-N ratio for a number of regions is 2.27 (Table 5) . For stations sampled during this study, the mean ratio is 0.97, however when ammonium was < 0.2 PM, the ratio of urea-N/ammonium-N was 1.92, and when ammonium was >0.2 pM the ratio was 0.14. Since uptake rates are similar for both nitrogen sources, negative correlation between ambient ammonium and urea concentrations suggests a difference in the distribution of ammonium and urea producing organisms. 
Low nitrate High nitrate
Nitrate uptake for each size class was calculated under the assumption that uptake was proportional to the amount of phytoplankton N in each size class ' ' Growth rates reviewed by Eppley were largely determined under conditions of continuous light Urea is considered a major form of 'regenerated' nitrogen, but urea uptake is not determined as frequently as ammonium in field studies of nitrogen utilization. Eppley & Peterson (1979) suggested approximating ammonium plus urea uptake as 1.5 times ammonium uptake. Results of this study suggest that 1.2 times ammonium uptake may be a more appropriate approximation of regenerated nitrogen uptake for temperate coastal water. The positive correlation between urea concentrations and the urea fraction of regenerated nitrogen uptake suggests that the importance of urea as a nitrogen source is dependent on its availabhty. However, an additional inhibitory influence by ambient concentrations of ammonium is also evldent. The slow turnover time found for urea (as compared to turnover of ammonium) in this study is consistent with other reports in the literature (e.g. Knstiansen 1983) , and indicates a more rapid production and utihzation of ammonium as a nitrogen source. Furthermore, relative preference indices indicate a preference for ammonium over urea at both high-and lownitrate stations and for both net-and nanoplankton.
Phytoplankton in this coastal upwelling region showed the typical dominance of netplankton in the nutrient-rich water and nanoplankton in nutrient-poor water. Highest biomass occurred at stations with intermediate ambient nitrate concentrations, and a hyperbolic relation was observed between chl/PN and nitrate concentration (Koklunakis & Wheeler 1987) . Maximum chl/PN for each size fraction was also found in the highnutrient water. The mean chl/PN found for netplankton at high-nitrate stations (1.83 pg chl/pmol N) is close to ratios measured for laboratory cultures of diatoms, 2.25 (Darley 1977 ) and 1.52 (Chan 1980) , and is consistent with our microscopical evaluation. The mean ratio for nanoplankton at high-nitrate stations (0.84 pg chl/pmol N) was much lower and could result either from a mixture of &atoms and dinoflagellates (0.46 pg chl/ pm01 N; Chan 1980), or from a greater relative abundance of non-phytoplankton nitrogen in the nanoplankton fraction.
Some inferences about the relative contribution of speclfic algal composition, heterotrophic microorganisms, and detritus to the observed differences in mean chl/PN at high-nitrate stations for the 2 size classes can be drawn from the results of the uptake experiments. The percentage uptake in each fraction was directly proporhonal to both the percentage chl and the percentage PN (Fig. 8A, B) . The near-zero intercept of the uptake vs Chl regression suggests that essentially all of the nitrogen assimilation is by phytoplankton. The positive X-intercept of the uptake vs PN regression suggests that approximately 25 '10 of the PN present is not assimilating regenerated nitrogen. Note that data for both net-and nanoplankton in the high-nitrate waters fall on the same curves. We conclude that particulate material in both size fractions is dominated by phytoplankton nitrogen, and that there is no major difference in the size distribution of the non-phytoplankton nitrogen in the high-nitrate waters. Furthermore, the difference in the chVPN ratio for each size class in high-nitrate waters suggests that netplankton are enriched with chl a when compared with nanoplankton.
Contrasting results were obtained for the low-nitrate stations. No consistent relationship was observed between percentage uptake and percentage chl (Fig.  8D) , and different X-intercepts were found for each size fraction in the regression of uptake vs PN (Fig. 8C) . The near-zero intercept for the netplankton suggests that nitrogen is being assimilated by all of the particulate nitrogen in this fraction, while the positive X-intercept for the nanoplankton fraction indicates a large component of heterotroplc and/or detrital nitrogen that is not assimilating nitrogen. Thus, we reject the null hypothesis that particulate nitrogen and chl-a have the same relative distribution between size classes in lownitrate water.
Relative uptake of regenerated forms of nitrogen was high at low-nitrate stations and low at high-nitrate stations, regenerated production being 73 and 17 '10, respectively, of total nitrogen production (Koklunakis & Wheeler 1987 ). However, there was no significant difference between uptake rates of regenerated forms of nitrogen at the high-and low-nitrate stations. A difference might be expected if phytoplankton in lownitrate waters were nitrogen limited. However, several lines of evidence suggest that phytoplankton in these waters are actually nitrogen-sufficient. The total concentration of inorganic nitrogen (nitrate, ammonium, and urea) was low offshore but still greater than 1 pM. Additionally, the ratio of saturatinghrace ammonium uptake can be used as an index of nitrogen sufficiency and in nutrient-depleted waters ranges from 2.7 to 7.9 (Glibert & McCarthy 1984) . In a seasonal study of nitrogen utilization in coastal waters off Oregon, we found that the ratio of saturating/trace ammonium uptake rates averaged 1.41 (SD = 0.33, n = 4) for the period from June to August 1984 (Wheeler unpubl.) . That observation, along with the similarity of trace and saturating urea uptake rates observed during this study, suggests that phytoplankton in this region is indeed nitrogen-sufficient, Thus, we accept the null hypothesis that there is no significant difference between uptake (~imoll-' h-') of regenerated forms of nitrogen in low-and high-nitrate waters, and note that this occurs despite the large difference in new vs regenerated nitrogen use in the 2 regions.
There was no significant difference in ammonium uptake between the 2 size classes, however uptake of urea was greater for net-than for nanoplankton in high-nitrate waters. Thus, we reject the null hypothesis that there is no difference in uptake rates between size classes for urea. The difference found in nitrogenspecific uptake rates and calculated growth rates for net-and nanoplankton also warrants comment. Fast nitrate uptake rates in high-nitrate waters which were dominated by netplankton (Koklunakis & Wheeler 1987) , suggest that max~mum uptake rates of all 3 nitrogen sources (nitrate, ammonium, and urea) are found in the netplankton rather than the nanoplankton. Probyn (1985) also found the highest nitrogen-specific uptake rates in the netplankton fractions for the Benguela upwelling region. In contrast, Glibert (1982) and Furnas (1983) report the greatest activity In the nanoplankton fraction for Vineyard Sound and Narrangansett Bay, respectively. Differences among these regons may result from variations in the portion of particulate nitrogen comprised of phytoplankton. Furthermore, the difference in maximum chl/PN ratios for the 2 size classes observed in this study indicate that companson of nitrogen uptake rates normalized to chl a should be done with caution for analysis of size classes dominated by different types of phytoplankton.
The high phytoplankton growth rates estimated from uptake rates measured dunng this study are also noteworthy. Most nitrate uptake appears to be by phototrophic rather than heterotrophic organisms (Wheeler & k r c h m a n 1986). Nitrate-supported growth rates in the Oregon, Benguela, and Peru upwelling regions all provide reasonable estimates of phytoplankton growth rates (1 to 2 d-l; Koklunakis & Wheeler 1987 ). Inclusion of ammonium-supported growth (Kokkinakis & Wheeler 1987) and of ammonium and urea-supported growth for the net-and nanoplankton (this study) indicates relatively fast phytoplankton growth, and at times unreasonably high estimates of growth rates. As suggested previously ( K o k h n a h s & Wheeler 1987) , this discrepancy between maximum expected phytoplankton growth rates and estimates based on measured uptake rates may be due to heterotrophic utilization of regenerated nitrogen.
The fastest nitrogen-specific uptake rates and estimated growth rates occurred for the netplankton fraction in low-nitrate waters. It is unlikely that heterotrophic protozoans and other microzooplankton assimilate inorganic nitrogen, thus we are left to conclude that heterotrophic bacteria may play a significant role in the assimilation of inorganic nitrogen in the lownitrate waters. Furthermore, our results suggest the occurrence of considerable activity by 'attached' bacteria. Ferguson & Rublee (1976) found that in coastal water near Cape Lookout, North Carolina, USA, most 'attached' bacteria were on particles 6 to 50 ym and these comprised 40 O/ O of bacterial biomass. In addition, Albright et al. (1986) found a negative correlation between levels of chl and percentage of attached bacteria in Howe Sound, British Columbia. Thus, there is some justification for expecting greater activity of attached bacteria in the low-nitrate waters during our study.
Despite use of short-term incubations and the correction of ammonium uptake for isotope dilution, the uptake rates reported here may be underestimates. Mass balance calculations, first carried out by Laws (1984) using data of GLibert et al. (1982) , show that more ammonium leaves the dissolved phase than is recovered in particulate material. Similar mass balance calculations for the measurements made in this study indicated that the ratio of ['%-ammonium removed from the dissolved pool]/['" assimilated into PN] ranged from 1.5 to 20.0, averaging 6.8 (Kokkinakis 1987) . Although the source of the discrepancy has not been resolved (Glibert et al. 1985) , other evidence indicates that an underestimate of ammonium uptake may result from release of dissolved organic nitrogen (Chan & Campbell 1978 , Price et al. 1985 or utilization of ammonium by bacteria (Wheeler & Kirchman 1986) which can pass through GF/F glass-fiber filters (Wheeler & Grchman unpubl.) . The urea uptake rates reported here may also be underestimates, since methods for determination of urea isotope d~lution during experimental incubations are not currently available. If urea regeneration is approximately equal to ammonium regeneration, then rates reported here are underestimates by an average of 42 %. Mass balance calculations for urea uptake cannot be carried out until isotopic dilution is assessed.
Conclusions drawn above are based on 'conservative' estimates of uptake rates. If the reported uptake rates underestimate acutal uptake rates, evidence for heterotrophic uptake of regenerated nitrogen sources is even stronger. Several other types of evidence provide support for the potential importance of heterotrophic utilization of inorganic nitrogen (especially ammonium). Eppley et al. (1977) found that inorganic nitrogen assimilation exceeded photosynthetic carbon assimilation and attributed the discrepancy to heterotrophic metabolism. Similarly, Laws et al. (1985) found that ammonium uptake rates were greater than predicted from photosynthetic protein synthesis. More recently, Wheeler & k r c h m a n (1986) used size fractionation and inhibitor studies in coastal Atlantic waters to demonstrate the utilization of ammonium by heterotrophic bacteria. Thus, it is tempting to speculate that the discrepancies observed in mass balance calculations for 15N tracer studies may be due to inadequate measurement of heterotrophic nitrogen n~etabolism.
Two important challenges to be met in future studies of nitrogen utilization are (1) more accurate determination of ammonium and urea uptake rates and a resolution of the mass balance problem for "N data, and (2) evaluation of the relative importance of ammonium uptake by autotrophic and heterotrophic microorganisms.
